r e s o u r c e Regulatory T cells (T reg cells) are critical for the maintenance of selftolerance. They modulate the functions of various immune cells and thereby affect a variety of conditions, including autoimmunity, cancer, allergy and inflammation 1, 2 . In addition, it is becoming increasingly clear that specialized T reg cells in tissues are important for the promotion of organ homeostasis, a function that was initially attributed only to tissue-resident macrophages 3 . In the fat (visceral adipose tissue), T reg cells support metabolic functions and express PPAR-γ, a master regulator of adipocyte differentiation [3] [4] [5] , and the α-chain of the cytokine receptor IL-33R (ST2) 6 . Other examples of tissue homeostasis promoted by specialized T reg cells include injured skeletal muscles and lungs after infection with influenza A virus 7, 8 . In both cases, T reg cells present in damaged tissues produce amphiregulin (AREG), a ligand for the epidermal-growth-factor receptor that is a tissue-regenerative factor important for tissue repair 7, 8 .
The molecular mechanisms by which tissue-resident T reg cells acquire and stabilize their 'tissular' program are poorly understood. Epigenetic modifications have been linked to the establishment of tissue-resident characteristics in macrophages 9, 10 . Similar mechanisms could be important for shaping the tissue identity of T reg cells.
Our analysis of the pattern of DNA methylation (the 'methylome') revealed 11,000 differentially methylated regions (DMRs) associated with about 4,000 genes. Shared epigenetic profiles led to the identification of a common tissue T reg cell population characterized by the epigenetic reprogramming of parts of the pattern of the T H 2 subset of helper T cells and the production of AREG. Our data suggest that epigenetic events shape the characteristics and functions of tissue T reg cells.
RESULTS

Identification of DMRs
To investigate the tissue-specific program of T reg cells, we performed low-input transposon-based fragmentation (tagmentation)-based whole-genome bisulfite sequencing (TWGBS) to delineate the DNA methylome of T reg cells isolated from various tissues. Using mice expressing a green fluorescent protein (GFP) reporter under the transcriptional control of Foxp3, we isolated T reg cells from abdominal fat depots, skin, liver and inguinal lymph nodes (LNs), and included CD4 + conventional T cells (T conv cells) from LNs as a control population ( Fig. 1a and Supplementary Fig. 1) . Three independent biological replicates per sample were assessed, and robust data were obtained for all samples with reproducible replicates, with about 7 × 10 8 total reads per group and an average coverage of 20-fold for each CpG dinucleotide per population (Supplementary Fig. 2a ). In pairwise comparisons, a strict definition of a difference of at least 30% in DNA methylation was chosen, and this revealed about 11,000 unique DMRs (Fig. 1b,c and Supplementary Fig. 2b) . The average length of a DMR was about 1 kilobase pairs (kb), and annotation with genomic features derived from the reference-sequence database Refseq illustrated that the majority of DMRs were located in intragenic regions (63%), whereas promoter regions and intergenic regions contained only 9% and 28%, respectively, of the DMRs ( Fig. 1c and Supplementary  Fig. 2c,d) . We observed a peak of DMRs located immediately downstream of transcription start sites ( Fig. 1d) . Principal-component analysis showed that the methylation patterns of fat T reg cells and skin T reg cells were more similar to each other and were distinct from those of LN T reg cells and T conv cells ( Fig. 1b,e) . These results indicated that T reg cells in tissues had a distinguishable methylation pattern.
RNA transcriptome analysis supports DNA-methylation patterns
We performed RNA-based next-generation sequencing (RNAseq) analysis of T reg cells and T conv cells from tissues. The RNA transcriptome revealed substantial differences between T reg cells from tissues and those from LNs in their gene expression: 3,072 genes and 4,698 genes were expressed differentially by fat T reg cells and skin T reg cells relative to their expression in LN T reg cells, respectively ( Fig. 2a) . The comparison between fat T reg cells and skin-resident T reg cells showed that 552 genes were expressed differentially by these cells (Fig. 2a) . Unsupervised hierarchical clustering of the RNAseq data confirmed that finding and grouped fat T reg cells and skin T reg cells close together, whereas liver T reg cells were located closer to LN T reg cells (Fig. 2b) . Hierarchical clustering of the DMR data set resulted in a very similar grouping (Fig. 2c) , which suggested that the gene-expression patterns and DNA-methylation patterns were interconnected. Indeed, integrated analysis of both data sets showed a negative correlation between gene expression and DMR methylation (median, −0.303; Fig. 2d ); this indicated that in many cases, hypomethylation of a DMR correlated with expression of the corresponding gene and vice versa. Such a correlation has been observed in similar published studies 11 .
T reg cell-specific epigenetic signature Methylation-based analyses of candidate regions have helped distinguish T reg cells from T conv cells. The most prominent example of this is a T reg cell-specific demethylated region in Foxp3 located in the first intron, called 'conserved non-coding sequence 2' (CNS2) 1, 12 . That analysis has been extended by immunoprecipitation of methylated DNA for the analysis of differences between T reg cells and T conv cells from lymphatic organs 13 . That study identified a T reg cell-specific CpG-hypomethylation pattern that was established in the thymus and included, in addition to Foxp3, other T reg cell signature genes 13 . Since our data set included T reg cells and T conv cells from LNs, we first focused our analysis on the signature established in the thymus. Pairwise comparison of LN T reg cells and LN T conv cells revealed 339 DMRs (Fig. 1c) . When we plotted the mean methylation difference (LN T reg cell − LN T conv cell) of DMRs located in promoters and located intragenically against RNA-expression data of the corresponding genes, we identified distinct anti-correlation for the association of demethylation with increased gene expression and for gain of methylation with gene repression (Fig. 3a) . Our data confirmed T reg cell-specific hypomethylation at sites described in the aforementioned published study 13 , such as Ctla4, Ikzf2, Ikzf4 and Il2ra (Fig. 3a,b) , while we also identified several previously unknown hypomethylated sites linked to genes such as Ccr6, Cish and Ift80 ( Fig. 3a  and Supplementary Fig. 3 ). Furthermore, we identified previously unappreciated hypermethylated regions in genes that were underexpressed in T reg cells, such as Itk, Satb1, Cox10, Fam78a and Tgfbr2 (Supplementary Fig. 3 ).
Since TWGBS allows resolution at the level of a single CpG, we used this to study Foxp3. The T reg cell-specific demethylation of Foxp3 went far beyond the CNS2 region initially described 12 and spanned the entire first intron ( Fig. 3c and Supplementary Fig. 4 ). Starting   1 2 3 1 2 3 1 2 3 1 2 3 1 2 3   Skin T reg  Fat T reg  LN T conv LN T reg  Liver T r e s o u r c e r e s o u r c e from exon 2, the remaining gene was methylated in T reg cells ( Fig. 3c and Supplementary Fig. 4 ). To verify our whole-genome sequencing data with a complementary method, we selected several regions in Foxp3 and performed PCR-based amplification of bisulfite-converted DNA, followed by sequencing of those amplicons ( Fig. 3d-f and Supplementary Table 1 ). The amplicon-sequencing data confirmed the whole-genome methylation data and, additionally, established that demethylation of the entire intron 1, as well as an upstream region 1, can occur during differentiation of T reg cells in the thymus ( Fig. 3d and Supplementary Fig. 5 ). Furthermore, that Foxp3 pattern was present in naive T reg cells but not in cells induced by transforming growth factor-β (TGF-β) in vitro ( Fig. 3e and Supplementary Fig. 6 ). In addition, methylation at Foxp3 was not responsible for the differences between T reg cells in their Foxp3 expression ( Supplementary Fig. 7) .
To further investigate the universality of that T reg cell-specific methylation signature, we isolated peripherally induced (pT reg cells) and thymus-derived T reg cells (tT reg cells). pT reg cells are characterized by expression of the transcription factor RORγt and do not express the transcription factor HELIOS (encoded by Ikzf2), whereas tT reg cells do not express RORγt but do express HELIOS 14 . We sorted both populations from the spleen and performed PCR-based amplification of bisulfite-converted DNA to analyze regions in Ctla4, Ikzf2, Il2ra and Foxp3. Although Ctla4, Il2ra and Foxp3 were uniformly hypomethylated in both T reg cell populations, Ikzf2 was completely methylated in pT reg cells ( Fig. 3g and Supplementary Fig. 8 ), which identified differences in the methylation of Ikzf2 as an epigenetic mark for distinguishing pT reg cells versus tT reg cells. In summary, we found that TWGBS was a powerful method for studying T reg cell-specific differences in methylation at the level of a single CpG.
Epigenetic landscape of tissue T reg cells While our pairwise comparison of LN T reg cells and LN T conv cells identified 339 DMRs, the number of DMRs in fat T reg cells versus LN T reg cells and in skin T reg cells versus LN T reg cells was about fivefold
larger (1,593 and 1,645, respectively) ( Fig. 1c) . Many of the DMRs were shared by fat T reg cells versus LN T reg cells and by skin T reg cells versus LN T reg cells ( Fig. 4a) , which indicated either a common effector-memory T cell program or specific tissue T reg cell programs. We extracted 106 genes that showed differential methylation and corresponding gene-expression changes in both comparisons ( Fig. 4b) .
To distinguish between a common effector-memory T cell program versus tissue T reg cell programs, we compared that signature with RNAseq data from T conv cells isolated from the same peripheral tissue ( Fig. 4b and Supplementary Fig. 9 ). Although we were able to identify individual genes in this list (for example, Foxp1 or Lef1) as being related to a common effector-memory T cell program, the majority of the 106 genes were distinct and part of tissue T reg cell programs ( Fig. 4b and Supplementary Fig. 9 ). Pairwise comparisons of T reg cells and CD4 + non-T reg cells from the same tissue revealed that the signature of 106 genes was significantly biased toward tissue T reg cells, such as the gene set upregulated in tissue T reg cells relative to their expression in lymphoid T reg cells in the comparison of fat T reg cells versus fat T conv cells (P = 9.2 × 10 −18 ) or of skin T reg cells versus skin T conv cells (P = 1.5 × 10 −14 ) ( Supplementary Fig. 9b ).
In many cases, methylation was similar for the groups at the promoter sites but began to differ just after the transcription start site in the first intron, as observed for Foxp3 ( Fig. 4c and Supplementary  Fig. 10 ). For selected genes, we confirmed differential expression at the protein level by flow cytometry (Fig. 5a) . For example, Klrg1 (which encodes the differentiation marker KLRG1) displayed hypomethylation in tissue T reg cells, and KLRG1 was expressed by more than 80% of T reg cells in the skin and fat but by only about 10% of T reg cells from the LNs (Figs. 4c and Fig. 5a ). Results obtained for the hypomethylation of Tigit (which encodes the immunoreceptor TIGIT) and Il1rl1 (which encodes ST2) and the expression the 
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Tcf7 Znrf1 r e s o u r c e proteins encoded were similar (Fig. 5a ). The substantial protein expression observed for TIGIT, KLRG1 and ST2 in tissue T reg cells was not found for T conv cells isolated from the skin and fat (Fig. 5a) .
In addition to being interested in their shared characteristics, we also wanted to study the differences among tissue T reg cells (Fig. 5b) . The comparison of fat T reg cells and skin T reg cells revealed that Pparg, which encodes the key transcription factor (PPAR-γ) for the differentiation of T reg cells in visceral adipose tissue, was hypomethylated in fat T reg cells and, concomitantly, this gene also had high expression in fat T reg cells (Fig. 5c ). On the other hand, skin T reg cells had several specifically hypomethylated loci, including Ahr (which encodes the transcription factor AhR), Icos (which encodes the inducible costimulator ICOS), Itgae (which encodes the integrin CD103) and Gpr55 (which encodes a G-protein-coupled cannabinoid receptor), and all the corresponding genes were overexpressed in skin T reg cells ( Fig. 5b,d,e and Supplementary Fig. 11 ). Overall, these results showed that the epigenetic landscapes shared many characteristics, but individual, tissue-specific features were also detectable.
Epigenetic reprogramming of T H 2 cell-associated loci
To further delineate common principles of tissue T reg cells, we performed a gene-ontology analysis of the 106 genes with differential methylation and expression patterns ( Fig. 4b) . Most prominent in this analysis were gene-ontology terms describing T cell differentiation ( Fig. 6a ). In particular, four genes encoding transcription factors (Gata3, Irf4, Rora and Batf) accounted for those T cell-differentiation gene-ontology terms, and all four genes were hypomethylated and overexpressed in fat and skin T reg cells ( Fig. 6b and Supplementary  Fig. 12 ). GATA-3 and IRF4 are key transcription factors that determine the T H 2 cell fate 'decision' of CD4 + T cells 15 . To investigate whether fat and skin T reg cells show a generalized type 2 profile, we used a selected gene list of T H 2 cell-biased probes 16 and plotted their expression in skin T reg cells versus LN T reg cells and in fat T reg cells versus LN T reg cells. In both comparisons, genes overexpressed in T H 2 cells as well as those repressed in T H 2 cells were significantly biased toward tissue T reg cells ( Fig. 6c) , indicative of type 2 polarization. For example, Il1rl1 and Il10, which are both associated with type 2 conditions 15, 17 , were hypomethylated in tissue T reg cells ( Fig. 6d and Supplementary Fig. 13 ). Il10 displayed two hypomethylation regions, one about 9 kb upstream of the promoter and a second in an intragenic region ( Fig. 6d and Supplementary Fig. 13 ). That upstream region was in a previously described DNase I-hypersensitive site of the Il10 locus in T H 2 cells 18 . Il1rl1 was hypomethylated in the first intron, and about 90% of the fat T reg cells and 60% of skin T reg cells expressed its product, ST2, compared with fewer than 10% of their spleen counterparts ( Fig. 6d and Supplementary Fig. 13 ). If tissue T reg cells from fat and skin were type 2 biased, it would be possible to recapitulate parts of their phenotype by treating lymphoid T reg cells with IL-4. Indeed, treatment of lymphoid T reg cells with IL-4 substantially induced the expression of Gata3, Irf4, Il1rl1 and Il10 but repressed the expression of Ms4a4b, a T H 1 cell-associated gene that was repressed in tissue T reg cells, in a dose-dependent manner ( Fig. 6e and Supplementary Fig. 14) .
Demethylation at CG dinucleotide sites can allow transcription factors to modulate gene transcription 19 . We were interested in transcription-factor-binding motifs for which hypomethylated DMRs in fat and skin T reg cells showed enrichment. To investigate this, we clustered DMRs across T reg cells isolated from various tissues and identified cluster 2 as showing enrichment for hypomethylated DMRs in fat and skin T reg cells (Fig. 6f) . Among the transcription-factor-binding motifs in cluster 2, 12 showed substantial enrichment relative to their abundance in the DMRs in clusters 1, 3 and 4 ( Fig. 6f) . Analysis of the expression of genes encoding the corresponding transcription factors for which cluster 2 showed binding-motif enrichment, 11 of the 12 were also overexpressed at the level of the gene in fat and skin T reg cells, including those encoding RORα (Rora) and BATF (Batf), as well as those encoding various members of the JUN and Fos families (Fig. 6f) . The BATF-JUN complex promotes binding (to DNA) of IRF4, and the IRF4-JUN-BATF heterotrimeric complex has been shown to be critical for IRF4-mediated transcription in T cells 20 ; therefore, the complex might reinforce IRF4-mediated type 2 polarization.
Characterization of tissue ST2 + T reg cells
We called the T H 2 cell-biased subset of T reg cells identified here that expressed ST2 and dominated the T reg cell population in fat and skin tissue 'tissue T reg ST2 cells' ('tisT reg ST2' cells). These were characterized by epigenetic and expression differences of 106 genes, including Gata3, Irf4, Batf, Rora, Maf, Il1rl1, Il10, CD200r1, Tigit and Klrg1 (Fig. 4b) .
Fat and skin T reg cells showed demethylation and overexpression of the gene encoding c-Maf (Maf) ( Supplementary Fig. 15a) , originally described as a T H 2 cell-associated transcription factor able to bind to the Il10 promoter and induce Il10 transcription 18 . In addition, one of the fundamental characteristics of tisT reg ST2 cells was expression of AREG ( Supplementary Fig. 15b ), a T H 2 cell-associated ligand for the epidermal-growth-factor receptor 21 . The Areg locus harbored two hypomethylated regions upstream of the promoter in fat and skin T reg cells (Supplementary Fig. 15b ).
Since expression of ST2, KLRG1, TIGIT and GATA-3 characterized tisT reg ST2 cells in fat and skin, we used these markers to screen various organs for the presence of this cell type. While fat and skin had the highest fraction of tisT reg ST2 cells within the Foxp3 + T reg cell compartment (about 80-90% and 50-60%, respectively), other peripheral organs, such as the lungs, bone marrow and liver, had 10-20% tisT reg ST2 cells among Foxp3 + T reg cells, and lymphoid organs had the lowest fraction, with less than 5%, (Fig. 7a,b) . We were unable to detect a ST2 + KLRG1 + cell population in the T conv cell compartment in skin, liver, blood, bone marrow or lungs and found only a minor population (<5%) of such cells in fat tissue (Supplementary Fig. 16a ). While tisT reg ST2 cells from the various organs had, for example, similar high expression of GATA-3, the corresponding T conv cell population did not resemble tisT reg ST2 cells ( Fig. 7a and Supplementary Figs. 9b and 16b,c) .
To further study the influence of signaling via and activation of the T cell antigen receptor (TCR) on the tisT reg ST2 cell population within the T reg cell compartment in tissues, we separated T reg cells on the basis of their expression of CD44, an effector-memory marker. The tisT reg ST2 cell population was present almost exclusively in the CD44 hi effector-memory compartment (Supplementary Fig. 17a ), in accordance with published literature reporting that tissue-resident T reg cells have an effector-memory phenotype 22 . Since high expression of CD44 in tisT reg ST2 cells suggested a previous activation event via TCR signaling, we analyzed this population in mice expressing GFP as a reporter for Nr4a1 (which encodes the nuclear hormone receptor Nur77), in which TCR signal strength is measured by reporter activity 23 . Therefore, we subdivided the T reg cell pool into GFP hi , GFP int and GFP − fractions to determine whether the presence of tisT reg ST2 cells depended on ongoing TCR signaling. Although the frequency of tisT reg ST2 cells was much lower in lymphatic organs than in fat tissue (1-2% versus 90%, respectively), the 'per-organ' fraction of tisT reg ST2 cells was not influenced by whether current TCR-signaling was on or off ( Supplementary Fig. 17b ).
Next we sought to investigate whether tisT reg ST2 cells were part of the induced T reg cell population in tissues. Published articles have 
test). (d) Flow-cytometry analysis of intracellular AREG and IL-10 (middle and right groups) in T reg cells and tisT reg ST2 cells (above plots) among fat T reg cells (top row) and spleen T reg cells (bottom row) stimulated with PMA and ionomycin and
then gated (far left) as tisT reg ST2 cells (CD45 + TCRβ + CD4 + CD8 − Foxp3 + KLRG1 + ST2 + ; R2 (red)) or control KLRG1 − ST2 − T reg cells (R1 (blue)); far right, quantification of results obtained as at left (additional controls, Supplementary Fig. 19 ). r e s o u r c e reported that the colon has two distinct T reg cell populations: pT reg cells and tT reg cells 14 . Unlike HELIOS + RORγt − tT reg cells, pT reg cells are induced by commensal bacteria in the colon. The tisT reg ST2 cells were present only among the tT reg cell population of the colon, where they represented about 40% of all tT reg cells ( Fig. 7c and  Supplementary Fig. 18a ). The RORγt + pT reg compartments in the colon and spleen were completely devoid of tisT reg ST2 cells ( Fig. 7c  and Supplementary Fig. 18a) . Notably, tisT reg ST2 cells located in the colon had higher expression of GATA-3 than that of pT reg cells or 'non-tisT reg ST2' tT reg cells in the same tissue ( Supplementary  Fig. 18b) . In summary, we were able to identify tisT reg ST2 cells in almost every peripheral tissue.
tisT reg ST2 cells in the spleen
We investigated whether the small population of tisT reg ST2 cells found in lymphatic organs had a pattern of gene expression and methylation resembling that of the tisT reg ST2 cell found in peripheral tissues. One of the important characteristics that we found for tisT reg ST2 cells in skin and fat was the production of AREG and IL-10 ( Fig. 6d and Supplementary Fig. 15b ). Therefore, we probed the function of fat and spleen tisT reg ST2 cells and stimulated the cells with the phorbol ester PMA and ionomycin to mimic TCR stimulation in combination with protein transport and metalloproteinase inhibitors. About 80% of KLRG1 + ST2 + tisT reg ST2 cells from spleen produced AREG and showed higher levels of IL-10 than that of spleen KLRG1 − ST2 − T reg cells; thus, they demonstrated an effector profile very similar to that of tisT reg ST2 cells isolated from fat tissue ( Fig. 7d and Supplementary  Fig. 19a,b) . CD8 + T cells and T conv cells did not produce AREG or IL-10 under the same conditions (Supplementary Fig. 19a ). To further confirm the similarities, we sorted the tisT reg ST2 cell population from spleen and analyzed the characteristic tisT reg ST2 cell profile, including additional genes that showed epigenetic changes in fat and skin T reg cell populations, such as Lmna (which encodes lamin A) and Osbpl3 (which encodes an oxysterol-binding-like protein) ( Fig. 7e) . All genes analyzed, including Gata3, Rora and Irf4, were expressed differentially in the tisT reg ST2 cell fraction from the spleen relative to their expression in the global splenic T reg cell pool, which matched the profile of tisT reg ST2 cells (Fig. 7e) . In particular, the effectormolecule-encoding genes Il10 and Areg were considerably overexpressed, with difference of 65-fold and 16-fold, respectively, in their expression in the tisT reg ST2 cell fraction from the spleen relative to their expression in the global splenic T reg cell pool ( Fig. 7e and data not shown), which confirmed our protein-expression data (Fig. 7d) . To investigate whether the methylation changes characteristic of tisT reg ST2 cells were also present in their counterparts in the spleen, we sequenced PCR-based amplicons of bisulfite-converted DNA on the basis of the DMRs identified in our whole-genome approach (Fig. 4) . Genes specifically demethylated in fat and skin tisT reg ST2 cells, such as Gata3 or Klrg1, were also hypomethylated in splenic tisT reg ST2 cells but not in splenic KLRG1 − ST2 − T reg cells (Fig. 7f) .
To further investigate the tisT reg ST2 cells found in lymphoid organs, we first assessed the expression of individual markers. Almost all T reg cells in the skin had high expression of CD103, whereas less than 5% of fat-resident tisT reg ST2 cells expressed this marker ( Supplementary  Fig. 19c ). Analysis of tisT reg ST2 cells from the spleen showed that about 40% expressed CD103 (Supplementary Fig. 19c) , indicative of heterogeneity of the tisT reg ST2 cell population in this organ. The induction of PPAR-γ expression in the fat tisT reg ST2 cell population represented an additional functional tissue-based adaptation ( Fig. 5c and Supplementary Fig. 20) comparable to the demethylation and expression of Gpr55 in skin T reg cells ( Fig. 5d and   Supplementary Fig. 20) . When assessing expression of the markerencoding genes Pparg and Gpr55, which indicate tissue-restricted adaption of the tisT reg ST2 cell pool in fat and skin, we found both were substantially overexpressed (>30-fold) in the spleen tisT reg ST2 cell population relative to their expression in the KLRG1 -ST2 -Treg cell population (Fig. 7g) .
To extend that analysis, we performed single-cell RNAseq of tisT reg ST2 cells isolated from spleen. As expected, all single cells expressed Helios, Gata3 and Klrg1 (Fig. 7h) . In contrast to that, genes that were biased toward the skin-resident tisT reg ST2 cell population, such as Itgae, Ahr and Gpr55, were expressed in only a fraction of individual cells (Fig. 7h) , which indicated the presence of subgroups of tisT reg ST2 cells in the spleen that probably represented individual tissue characteristics. This suggested that fat-and skinresident T reg cells included a recirculating fraction present in the lymphatic tisT reg ST2 cell pool.
tisT reg ST2 cells are distinct To investigate whether tisT reg ST2 cells were a distinct differentiation state of T reg cells, we first analyzed the presence of these cells over time. Our data showed that the fraction of tisT reg ST2 cells among T reg cells in various tissues in mice was stable over a time period of 5-25 weeks of age ( Fig. 8a and Supplementary Fig. 21a,b) , indicative of homeostasis of the tisT reg ST2 cell compartment within tissues. To understand the origin of tisT reg ST2 cells, we investigated whether a T reg cell population derived from lymphoid organs and depleted of tisT reg ST2 cells could be the precursor of the tisT reg ST2 cells found in tissues. To generate space in the T reg cell compartment, we depleted host mice of T reg cells by injecting diphtheria toxin into Foxp3-DTR mice, which express the diphtheria toxin receptor under the control elements of Foxp3. We injected congenically marked KLRG1 − ST2 − T reg cells into the host mice and analyzed their skin and fat tissue for the presence of tisT reg ST2 cells after 10 d. These experiments showed that lymphoid-organ T reg cells had the ability to seed the peripheral tissues and differentiate into tisT reg ST2 cells (Fig. 8b) .
To study the stability of already differentiated tisT reg ST2 cells, we cultured fat-derived tisT reg ST2 cells for 6 d in vitro under well-defined conditions with beads coated with antibody to the TCR complex component CD3 (anti-CD3) and antibody to the costimulatory receptor CD28 (anti-CD28), plus IL-2. The cultured tisT reg ST2 cells showed a very stable expression pattern of characteristic markers such as Il1rl1, Pparg, Osbpl3, Batf, Tigit, Gata3 and Klrg1 comparable to that of tisT reg ST2 cells freshly isolated from fat (Fig. 8c) . In parallel, cultivated 'non-tisT reg ST2' T reg cells did not upregulate those characteristic genes (Fig. 8c) , which indicated that the expression of these genes was not merely a function of T reg cell activation and that the tisT reg ST2 program was not a temporary state but was a stable program.
To identify a transcriptional regulator essential for tisT reg ST2 cells, we focused on BATF. As reported above, our data showed that Batf was overexpressed in tisT reg ST2 cells and its locus was heavily hypomethylated in tissue T reg cells from fat and skin, and we identified enrichment for BATF DNA-binding motifs in regions of genes that were specifically hypomethylated in tissue T reg cells (Fig. 6f) . Indeed, BATF-deficient mice showed a substantially reduced number of tisTreg ST2 in all organs analyzed, including skin, fat, lung, bone marrow, LN and spleen, relative to the number of such cells in BATF-sufficient mice, while the number of other T reg cells in the same tissues was not reduced (Fig. 8d) . These data identified BATF as a transcriptional regulator essential for tisT reg ST2 cells.
As tisT reg ST2 cells were characterized by the expression of ST2, we sought to determine if IL-33 could act as a growth factor to amplify Batf -/- Figure 8 Characterization of the tisT reg ST2 cell population. (a) Flow cytometry (left) of cells from the skin of mice at 5 or 25 weeks of age (concatenated files representative of five replicates), identifying tisT reg ST2 cells (gated as in Fig. 7) , and frequency (right) of tisT reg ST2 cells in the fat, skin, lymph nodes and spleen (key) of mice 5, 10, 15, 20 and 25 weeks of age (horizontal axis) (additional plots, Supplementary Fig. 21 ). (b) Flow cytometry of cells from the spleen, fat and skin (left margin) of untreated (UT) or diphtheria-toxin-treated (DT + ) CD45.1 + Foxp3-DTR host mice 10 d after injection of CD45.2 + KLRG1 − ST2 − T reg cells isolated from congenically marked CD45.2 + donor mice, identifying tisT reg ST2 cells (as in Fig. 7a ). (c) qPCR analysis of the expression (key) of various genes (above plots) in tisT reg ST2 cells (from the fat) and KLRG1 − ST2 − T reg cells (from the spleen) analyzed immediately after isolation (ex vivo) or cultivated and activated for 6 d in vitro with microbeads coated with anti-CD3 and anti-CD28 plus IL-2 (in vitro); bracketing (left margin), hierarchical clustering; R1-R4 (right margin), independent experiments. (d) Flow cytometry (left) of tissue T reg cells (above plots) from Batf +/+ and Batf −/− mice (left margin), identifying tisT reg ST2 cells (as in Fig. 7a ) (concatenated files representative of six to ten replicates), and quantification of results obtained as at left (far right). (e) Flow cytometry of tissue T reg cells (above plots) from wild-type mice treated with PBS or IL-33 (left margin), identifying tisT reg ST2 cells (as in Fig. 7a ) (concatenated files representative of four replicates; additional plots, Supplementary Fig.  21 ), and quantification of results obtained as at left (far right). r e s o u r c e the tisT reg ST2 cell pool in-vivo. The administration of recombinant IL-33 substantially expanded the tisT reg ST2 cell population in all organs assessed: the number of tisT reg ST2 cells increased by 10-fold in fat, 5-fold in skin, 13-fold in liver and 60-fold in lung tissue (Fig. 8e) . This expansion did not change the identity of the cells, as GATA-3 was still overexpressed in cells after expansion compared with its expression in 'non-tisT reg ST2' T reg cells isolated from the same organs (Supplementary Fig. 21c) . Collectively, these data showed that tisT reg ST2 cells were a distinct state. They required the transcription factor BATF and underwent population expansion via IL-33 in situ.
DISCUSSION
The present study has provided evidence that tissue T reg cells undergo extensive epigenetic reprogramming. Changes in the methylome can be used to determine the underlying functional programs. The similarities in the epigenetic landscape of fat-resident T reg cells and that of skin-resident T reg cells allowed us to identify a common tissue T reg cell population characterized by the expression of KLRG1 and ST2, a T H 2 cell-like expression program and the production of tissueregenerative factors. Classically, T reg cells have been viewed as regulators of other immune cells. With the characterization of fat T reg cells, that view has been extended to a second critical function: support of organ homeostasis 3 . In visceral adipose tissue, about 80-90% of T reg cells had the tisT reg ST2 cell phenotype described here. In the skin, that proportion was somewhat lower, at about 50-60% of T reg cells, and in the lungs and liver, that proportion was between 10% and 20%. These findings explain why fat-resident T reg cells and skin-resident T reg cells shared a closer relationship to each other than to liver T reg cells in the DNA-methylome analysis. It was notable that this T H 2 cell-biased tisT reg ST2 cell subset was present in almost every organ. ST2, as well as the transcription factors BATF and IRF4, has been shown to be required for the differentiation of T reg cells in fat 6 . On the basis of our data, we concluded that BATF and IL-33 are important not just for T reg cells in the fat but also for tisT reg ST2 cells in all tissues, which extends the perspective from an adipose-centered view to a global one.
Our data also showed that tissue T reg cells integrated epigenetic changes from multiple differentiation steps. The first specific epigenetic reprogramming occurred during thymic differentiation and stabilized the universal T reg cell identity 13 . The second line of epigenetic modifications solidified the functional 'tisT reg ST2 cell' specialization via selective hypomethylation of a signature that included more than 100 genes. Thus, the tisT reg ST2 cell population acquired a unique reprogramming landscape. On top of that tisT reg ST2 cell-specialization program, we found tissue-specific epigenetic reprogramming. In the T reg cell population from the fat, we identified differences in the methylation of Pparg (among other genes) relative to such methylation in skin and LN T reg cells. In addition, T reg cells from the skin had several notable epigenetic differences, among which Ahr and Gpr55 might be of specific relevance. AhR signaling is important for immune cells and their function at barrier organs such as the skin 24 . Grp55, as a cannabinoid receptor, is associated with algesia linked to inflammatory and neuropathic pain and could enable nociception by skin T reg cells in an organ with a strong pain perception 25, 26 .
Where does such epigenetic reprogramming take place? Are most organs independently able to induce the common tisT reg ST2 cell program, and, in addition, add organ-specific 'flavors'? Alternatively, one organ or very few organs might induce the tisT reg ST2 cell reprogramming and, via circulation, cells might reach the individual tissues in which they further specialize. Among the last, fat tissue could be such a candidate, as the vast majority of T reg cells in this tissue were reprogrammed to be tisT reg ST2 cells. However, parabiosis experiments have detected only a low degree of chimerism in the fat tissue T reg cell compartment, indicative of little exchange of tissue T reg cells via the circulation 27 . It is also possible that tisT reg ST2 cells found in the spleen or LNs represent a backup population that can be quickly recruited to support the homeostasis of 'distressed' organs. In addition, it is very unlikely that local conversion from T conv cells to T reg cells was responsible, since our data showed that tisT reg ST2 cells were present only in the tT reg cell fraction, not the pT reg cell fraction, and were demethylated at the Ikzf2 locus.
The tisT reg ST2 cells did not express the T H 2 cell-associated cytokines IL-4 and IL-13 but did express IL-10 and AREG. Areg expression could presumably be induced by ST2 signaling and has been shown to be important for tissue repair in the lungs 8 . The tisT reg ST2 cell population might therefore represent the prototype of tissue-repair-prone T reg cells that mediate tissue homeostasis by using the tissue-regenerative factor AREG. This could have clinical implications for the adoptive transfer of T reg cells for the treatment of autoimmune and graft-versus-host diseases 28 . Deliberate type 2 conditioning by IL-4 and IL-33 during the in vitro population expansion of blood-derived T reg cells might amplify their therapeutic potential, especially in the context of supporting tissue-repair functions. Indeed, ST2-dependent protective T reg cell functions have been demonstrated in the colon and adipose tissue 6, 29 .
As demethylation of Foxp3 is used as a diagnostic marker for the detection of T reg cells 12, 30 , peripheral reprogramming events can be used to study the functional capacity of T reg cells. We identified thousands of DMRs at single-CpG resolution, which characterized the universal T reg cell identity and peripheral reprogramming. Such differences should allow the design of diagnostic probes for amplicon-based sequencing to follow the origin and cell fate of T reg cells in various pathological conditions. Indeed, the difference in the methylation of Ikzf2 in tT reg cells relative to that in RORγt + pT reg cells described here is such an example. Analyzing the epigenetic landscape is more than a complementary approach with which to describe T reg cells; it will help to define T reg cell identities and the permanent underlying molecular programs.
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Mapping of whole-genome bisulfite sequencing data and methylation calling. The TWGBS data were processed as described 34 : The mm10 reference genome (GRCm38.73) was transformed in silico for both the top strand (C to T) and bottom strand (G to A) using MethylCtools 35 . Before alignment, adaptor sequences were trimmed using SeqPrep (https://github.com/jstjohn/ SeqPrep). The first read in each read pair was then C-to-T converted and the second read in the pair was G-to-A converted. The converted reads were aligned to a combined reference of the transformed top strands (C to T) and bottom strands (G to A) using BWA (bwa-0.6.2-tpx) 36 with default parameters but with disabling of the quality threshold for read trimming (-q) of 20 and the Smith-Waterman for the unmapped mate (-s). After alignment, reads were converted back to the original states, and reads were mapped to the antisense strand of the respective reference were removed. Duplicate reads were marked, and the complexity was determined using Picard MarkDuplicates (http://broadinstitute.github.io/picard/). Reads with alignment scores of less than 1 were filtered before subsequent analysis. Total genome coverage was calculated using the total number of bases aligned from uniquely mapped reads over the total number of mappable bases in the genome. At each cytosine position, reads that maintain the cytosine status were considered methylated, and reads in which cytosine was converted to thymine were considered unmethylated. Only bases with Phred-scaled quality score of ≥20 were considered. In addition, the five base pairs at the two ends of the reads were excluded from methylation calling according to M-bias plot quality control. For the TWGBS libraries, the first nine base pairs of the second read and the final nine base pairs before the adaptor of the first read were excluded from methylation calling.
Calling of DMRs.
The raw counts of methylated and unmethylated reads for each CpG site from different libraries were merged for each replicate. BSmooth 37 was used (default parameters, version 1.2.0) to call DMRs for all possible ten pairwise tissue-tissue comparisons. Each comparison contained three replicates in each group (three-versus-three comparison). To account for possible false-positive DMR results reported by BSmooth, due to smoothing in uninformative and low-coverage regions, we applied additional filtering procedures. On autosomes, we selected for DMRs that had a mean CpG coverage per DMR greater or equal to five in all six replicates in a particular comparison, based on raw read counts. We applied a paired Wilcoxon test to each DMR on the basis of the beta values of the six replicates. To correct for multiple testing, the resulting P values underwent Benjamini-Hochberg correction, and only DMRs with a P value lower or equal to 0.05 were selected. Due to the fact that all mice in this study were male, we expected lower coverage for the sex chromosomes. On allosomes, we pooled the raw counts from the three replicates in each group and selected DMRs with a coverage of >10. All DMRs from all chromosomes were filtered requiring a minimal mean methylation-value difference of 0.3.
Principal-component analysis and hierarchical clustering on DMRs.
The methylation values of called DMRs from all ten possible tissue-tissue comparisons were joined into a single matrix. Duplicate DMRs (exact same start and end bp position) were eliminated from the matrix. Principal-component analysis of all replicates using R (3.1.2) and prcomp was performed. A complete-linkage clustering was performed, which allowed clustering of rows (DMRs) and columns (replicates) using R (3.1.2) and pheatmap.
Identification of promoter, intragenic, intergenic regions and transcription start site.
Unique DMRs from all ten comparisons have been annotated (bedtools-2.24.0 closest 38 ) using parameters -d to report distance and -t 'first' to handle ties. We used RefSeq September 2013 version and defined promoters as 2,000 bp upstream for genes located on the plus strand and 500 downstream for those located on minus strand. The transcription start site (TSS) was defined as the first base pair downstream for the plus strand and the first base pair upstream for the minus strand. Whole-genome data were visualized in a circos plot as described in 39 .
Calculation of average distance of DMRs from the TSS.
To calculate the distance of DMRs from the TSS, we first normalized all DMRs to the same DNA strand, subtracted the mean DMR genomic localization from the TSS coordinates, grouped the results into 500-bp clusters from position −10000 to position +10000, and quantified DMRs in each cluster. DMRs more than 10,000 bp from the respective TSS were disregarded.
Pearson correlation of gene expression and methylation.
For this analysis, we included DMRs that were intragenic or within 5kb upstream or downstream of the nearest gene according to RefSeq annotation. Methylation values and RPKM values were associated with each other using the RefSeq gene identifiers. For each gene we applied a correlation test using Pearson correlation with a cutoff of −0.7 or less, or 0.7 or more, which allowed negative correlation as well as positive correlation.
Hierarchical clustering of DMRs and RNA data. From the DMRs with an absolute Pearson correlation coefficient of 0.7 or greater, we created a new matrix of methylation values including all replicates. We applied completelinkage hierarchical clustering to generate a heatmap using R (v3.1.2) and pheatmap. We further applied R (v3.1.2) and mclust(v5.1) [1] to estimate the number of clusters using parameters: mclust(…, G = 1:20). The resulting number of clusters was four, and we cut the resulting tree for the DMRs from the complete-linkage using cutree (…, k = 4) into four different clusters.
Motif analysis.
For each of the four clusters identified, we merged overlapping DMRs (bedtools-2.24.0 merge) to avoid possible bias by over-representation and extracted the corresponding genomic DNA sequences (bedtools-2.24.0 fasta). All genomic regions in the four clusters were assigned scores with the JASPAR motif library 40 using the total binding affinity (TBA) score. In brief, the TBA score was computed for each genomic region by summing for each position the maximum PWM score between the plus strand and minus strand 41 . Then, for each PWM, the regions were ranked according to their TBA score in decreasing order. For each PWM, we determined the recovery curve for the regions in a specific cluster, and the area under the curve (AUC) was computed over the first 300 regions. AUC values were converted into a z-score by computation of the mean and s.d. of the AUC over 1,000 randomizations of the ranks. For each set of regions inside a cluster, the z-scores for the PWMs are presented as a heat map. Only motifs with an absolute z-score above 3 in one of the clusters were presented hwew. 38) of the mapped reads together with a specific mouse annotation file for protein coding genes (based on Ensembl 80) in gtf format and parsing of the output with custom perl scripts. MA plots were generated as described 47 . For hierarchical clustering of RNA data a complete-linkage clustering was performed using R (3.1.2) and pheatmap.
Mapping of
Unsupervised clustering, computation of heatmaps, and methylation plotter. Unsupervised hierarchical clustering was performed with the Gene Pattern software/hierarchical clustering tool (http://genepattern.broadinstitute. org/). Column and row distance measurements were set to Pearson correlation with pair-wise average linkage clustering. No normalizations or transformations have been performed. Heat maps were generated with gene pattern software/heatmap viewer. Methylation plots ( Fig. 3c and Supplementary  Fig. 13c ) were generated with a methylation plotter 48 .
Isolation of RNA and reverse-transcription followed by qPCR. Sorted cell populations were lysed and RNA was isolated using the RNeasy Mini Kit (Quiagen). Synthesis of cDNA was performed with SuperScript Reverse Transcriptase II and oligo(dT) primers (both Life Technologies) according to THE manufacturer's instructions. Real-time PCR was performed using a ViiA7 instrument (Applied Biosystems) and Taqman master mix (Applied Biosystems). Gene-expression values were normalized to those of the control gene (Hprt).
Purification and bisulfite conversion of genomic DNA. Sorted cell populations were resuspended in PBS and genomic DNA was purified according to the manufacturer's guidelines using the DNEasy Blood and Tissue kit (Quiagen). For isolation of pT reg cells and tT reg cells, cells were fixed and stained with the Foxp3 Fix/perm buffer set (eBiosciences) according to the manufacturer's instruction. Cells were then sorted into lysis buffer included in the QIAamp DNA micro kit (Quiagen). Reverse cross-linking of gDNA was performed for 1 h at 56 °C and 1 h at 90 °C, followed by isolation of genomic DNA. DNA purity and concentration were measured with a NanoDrop or Qubit photometer. Bisulfite conversion was performed using the EpiTect Bisulfite Conversion Kit (Quiagen), and converted DNA was used immediately after purification or divided into aliquots and stored at −20 °C.
Computation and testing of bisulfite-DNA primers. Genomic DNA was bisulfite converted in silico using Bisulfite Primer Seeker software (http://www. zymoresearch.com/tools/bisulfite-primer-seeker). Primer sequences were calculated on the basis of the manufacturer's recommendations. Primer pairs were tested on bisulfite-converted genomic DNA to determine optimal annealing temperature range and cycle number for each specific reaction. Once parameters were optimized, adaptor sequences for 454 sequencing and barcodes to distinguish individual samples were attached to each primer pair sequence and synthesized. Alternatively, Illumina adaptor sequences were attached to primer pairs for Illumina sequencing. Based on optimal annealing temperature and PCR cycle number, primers were used to generate PCR amplicons from bisulfite-converted DNA for each cell type tested. An overview of primers used for our sequencing experiments is provided in Supplementary Table 2 . Once genomic DNA had been bisulfite-converted, PCR with bisulfite-specific primers was performed. PCR amplicons were separated from primer dimers on 1-2% agarose gels and were visualized using ethidium bromide. Specific bands were excised under UV light exposure, and DNA amplicons were purified using a Quick Gel Extraction Kit (Life Technologies). Equimolar amounts of amplicons were combined and processed on a GS Junior Sequencer (Roche). Sequence reads were aligned to the bisulfite-converted mouse genome, and methylation levels were visualized in heat maps. Alternatively, Illuminatagged amplicons were processed on an Illumina MiSeq V3 machine with Paired-End 300bp or Paired-End 250bp settings. Raw data were aligned to the mouse genome, and CpG methylation was calculated. Detailed genomic positions of amplicon data are either labeled in the corresponding graph or are presented here: Foxp3 R3 ( Fig. 3g ; CG#1: 7,583,950; CG#2: 7,583,986; CG#3: 7,584,002; CG#4: 7,584,036; CG#5: 7,584,063; CG#6: 7,583,950), Ikzf2 (Fig. 3g; CG#1 : 69,670,284; CG#2: 69,670,291; CG#3: 69,670,370; CG#4: 69,670,377; CG#5: 69,670,385), Il2ra (Fig. 3g ; CG#1: 11,645,653; CG#2: 11,645,705; CG#3: 11,645,718; CG#4: 11,645,738), Ctla4 (Fig. 3g; CG#1 : 60,912,472; CG#2: 60,912,521; CG#3: 60,912,536; CG#4: 60,912,573), Gata3 (Fig. 7f ; CG#1: 9,868,708; CG#2: 9,868,720; CG#3: 9,868,768; CG#4: 9,868,789; CG#5: 9,868,820; CG#6: 9,868,844; CG#7: 9,868,855; CG#8: 9,868,858; CG#9: 9,868,883; CG#10: 9,868,948; CG#12: 9,868,958), Lef1 (Fig. 7f; CG#1 Flow cytometry. Tissues were isolated and digested. Single-cell suspensions were stained with surface antibodies for 30 min at 4 °C. If applicable, cells were fixed and permeabilized with the Foxp3 Fix/Perm Buffer Set (eBiosciences) for 1 h at RT, followed by intracellular staining. Antibodies used for flow cytometry experiments were conjugated to Brilliant Violet 411, eFluor 506, Brilliant Violet 605, Brilliant Violet 711, Brilliant UV 395, Brilliant UV 737, PE, AF488/FITC, PE-Cy7, AF647/APC, APC-Cy7, or PerCP-Cy5.5 and are listed in Supplementary Table 2 . Following live-dead exclusion, the following dyes were used: Fixable viability dye eFluor506 and eFluor780 (eBiosciences). If applicable, biotin-labeled primary antibodies were stained with fluorochrome-labeled secondary antibodies for 30 min at 4 °C. Primary antibodies to Lef1 and Tcf7 were stained with an AF 647-conjugated secondary antibody to rabbit-IgG. Staining of Areg and IL-10 was performed as intracellular staining. Samples were acquired on a BD LSRII or a LSR Fortessa five-laser flow cytometer. Biological replicates were measured separately. Data were analyzed with FlowJo software, and, in figures, concatenated files of biological replicates are presented. Concatenation was performed with FCS Concat (Cytobank).
IL-4 co-culture of T reg cells and in vitro induction of T reg cells.
Spleen and lymph nodes were harvested from Foxp3.IRES-DTR/GFP mice. T reg cells were pre-enriched with CD25 bead-based positive selection, while T conv cells were pre-enriched with CD4 bead-based positive selection (autoMACS Pro Separator, Miltenyi Biotec). Pre-enriched T reg cells and T conv cells were sorted by flow cytometry to isolate pure KLRG1 − ST2 − populations from both cell types. Cells were then seeded at 100,000 cells per well with beads coated with anti-CD3 and anti-CD28 (Life technologies), blocking monoclonal antibody to IL-12-23p40, blocking monoclonal antibody to IFN-γ, mouse IL-2 (Peprotech) and increasing doses of moue IL-4 (Peprotech). Cells were incubated for 6 d at 37 °C and then were lysed for immediate RNA isolation, cDNA synthesis and real-time PCR.
To generate in vitro-induced T reg cells (iT reg cells), T conv cells were preenriched by negative selection with antibodies to CD8, CD11b, CD11c, CD19, CD25, and CD49b and magnetic beads. Afterward, cells were treated with mouse TGF-β (Peprotech) and were incubated with beads coated with anti-CD3 and anti-CD28 for 6 d at 37 °C. Measurement of IL-10 and AREG production in spleen T cells. Spleens were harvested from Foxp3.IRES-DTR/GFP mice. Single-cell suspensions were established, and red blood cells were lysed. Afterwards, cells were treated with 1× PMA and Ionomycin cell stimulation cocktail plus transport inhibitor (eBiosciences) or 1× transport inhibitor only. In addition, all samples were subjected to treatment with a metalloproteinase inhibitor (10 µM Marimastat; Sigma). Cells were stimulated for 4 h at 37 °C, followed by surface staining, fixation with the Foxp3 Fix/Perm Buffer Set (eBiosciences), and subsequent measurement via flow cytometry.
Single-cell RNAseq. To generate the single-cell RNAseq data, we isolated tisTreg ST2 cells from pooled spleens, followed by cell capture, cDNA synthesis and amplification on the C1 Single-Cell Auto Prep IFC (Fluidigm). In two separate runs, a total of 127 cells corresponded to single cells (as confirmed by visual inspection of the captured cells). Sequencing libraries were produced with the Illumina Nextera XT kit according to an adopted Fluidigm protocol. All single cells from one C1 run (about 65 cells on average) were pooled and sequenced 1 × 50-bp reads on an Illumina HiSeq 2000 machine. For each cell, reads were aligned to the murine genome (ERCC sequences concatenated to GRCm38.p4 version 84) with STAR 43 version 2.5. On average 70% of the reads were uniquely mapped. Raw counts were quantified from position-sorted alignment files with HTSeq-count 44 using mode 'union' and default quality thresholds of 10. To remove bias introduced by low-quality data, we performed the quality control using the scater package as described 49 . Cells were removed as low quality if one or more of the following conditions were met: low library size (0 cells), low number of captured transcripts (2 cells), exceeding mitochondrial content (11 cells) or exceeding ERCC sequences (13 cells). In total, 101 cells remained for further analysis. The scran package 49 was used to normalize raw counts with deconvolution and to identify highly variable gene (with ERCC-fit, span = 0.2, FDR = 0.05).
